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V*  have  uulB«d  the  electronic  and  morphological  Interact ioaa  which  occur  at 
the  Interface  between  allicon  and  a  variety  of  metals.  Including  Cr,  Ti,  Sm,  Au, 
and  Ca.  These  Interface  studies  were  supported  by  extensive  synchrotron  radia¬ 
tion  photoemission  studies  of  bulk  slllcldes,  including  Ti^Si.,  TiSl_ ,  NbSi-  ,VS 
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CrSi-,  MoSl_,  TaSl_,  FeSl  ,  CoSi_,  Ni-Si,  NISI,  H1S1-,  and  Pd"Si  end  by  emula¬ 
tions  of  the  density  of  states  of  slllcldes  (Moruzzi  at  IBM;  Biai  and  Calandra 
at  Modena),  We  have  sought  to  Identify  the  important  parameters  in  the  forma¬ 
tion  of  the  metal-silicon  bond.  Ve  have  demonstrated  the  systematic  development 
of  the  Si-metal  p-d  hybridization  and  tha  reduction  of  the  Si  sp3  bond. 

Major  breakt hr oughts  include: 


The  discovery  of  the  cooumality  of  the  S 1-metal  p-d  bond  in  the  transition 
natal  slllcldes,  a  bond  which  is  responsible  for  stability  of  slllcldes  and 
reflects  selective  hybridization  of  metal  and  silicon  states.  These  bonds 
are  basically  the  same  in  all  metal  slllcldes  and  their  evolution  is 
reflected  in  the  formation  of  intarface  slllcldes.  Understanding  the 
details  will  be  the  key  to  understanding  the  interface  itself. 

The  discovery  that  tha  formation  of  intarfaces  proceeds  in  three  basic 
stages,  namely  the  chemisorption  stage  where  the  adatom  la  relatively 
weakly  bound  to  the  surface,  the  reactive  stage  where  chemical  reaction 
and  lnterdif fusion  occurs,  and  the  covering-up  stage  where  the  overlayer 
of  metal  la  basically  metal-like  in  character  but  contains  outdlffused 
Si  nonetheless. 

The  discovery  that  Si  ou td if fusion  can  be  controlled  by  thin  interlayers 
between  Si  and  a  metal  overlayer.  By  examining  the  Si-Cr-Au  junction,  we 
found  clear  evidence  that  control  can  be  accomplished  by  changing  the 
character  of  the  interlayer,  l.e.  if  the  interlayer  is  fully  reacted  it 
will  enhance  outdlffualon  whereas  if  it  is  in  the  chemisorption  or 
covering-up  regime  it  will  act  as  a  barrier.  This  was  the  first  time 
that  such  catalytic  effects  were  observed  and  were  correlated  to  the 
chemical  character  of  the  interlayer. 
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Brief  Outline  of  Research  Findings: 

—  SP  c  . 


Wr'ftavd  ixamne<i>  the  electronic  and  morphological  Interactions  which  occur  at 
the  Interface  between  silicon  and  a  variety  of  metals.  Including  Cr,  T1,  Sm,  Au, 
and  Ca.  These  Interface  studies  were  supported  by  extensive  synchrotron  radiation 
photocell sslon  studies  of  bulk  slllcldes.  Including  H2SI5,  TISI9,  VSIj,  NbSl£, 

CrS1£,  MoS1£,  TaSI'j,  FeSl£,  C0SI2,  NI2SI,  NISI,  N1S15,  and  PdfcSI  and  by  calculations 
of  the  density  of  states  of  slllcldes,  (Manual  at-TBHj  Blsl-and  dlandra  at  Mndane) 
■sought  to  Identify  the  Important  parameters  In  the  formation  of  the  metal - 
bond.  We  have  damanitrstad  the  systematic  development  of  the  SI -metal  p-d 
*1 dlzatlon  and  the  reduction  of  the  SI  sp3  bond. 

/  .  fie.*)  £<r 

Major  breakthroughs  Include: 


1.  The  discovery  of  the  commonality  of  the  Sl-metal  p-d  bond  In  the  transition 
metal  slllcldes,  a  bond  which  Is  responsible  for  stability  of  slllcldes  and 
reflects  selective  hybridization  of  metal  and  silicon  states.  These  bonds 
are  basically  the  same  In  all  metal  slllcldes  and  their  evolution  Is  reflected 
In  the  formation  of  Interface  slllcldes.  Understanding  the  details  will  be 
the  key  to  understanding  the  Interface  Itself.. 


2.  The  discovery  that  the  formation  of  Interfaces  proceeds  In  three  basic  stages, 
namely  the  chemisorption  stage  where  the  adatom  Is  relatively  weakly  bound  to 
the  surface,  the  reactive  stage  where  chemical  reaction  and  Interdiffusion 
occurs,  and  the  covering-up  stage  where  the  overlayer  of  metal  Is  basically 
metal-like  In  character  but  contains  outdlffused  SI  nonetheless. 


3.  The  discovery  that  SI  outdlffuslon  can  be  controlled  by  thin  Interlayers 
between  SI  and  a  metal  overlayer.  By  examining  the  Sl-Cr-Au  junction,  we 
found  clear  evidence  that  control  can  be  accomplished  by  changing  the 
character  of  the  interlayer,  l.e.  If  the  Interlayer  is  fully  reacted  it  will 
enhance  outdlffuslon  whereas  If  It  Is  In  the  chemisorption  or  covering-up 
regime  It  will  act  as  a  barrier.  This  was  the  first  time  that  such  catalytic 
effects  were  observed  and  were  correlated  to  the  chemical  character  of  the 
Interlayer. 
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Silicon-refractory  metal  Interfaces:  Evidence  of  room- 
temperature  intermixing  for  Si-Cr 

A.  Frandoai,  0.  J.  Pctwman,  and  J.  H.  Wmw 

4&««*>ewi  Mmm  Cmmt.  {jimmy  of  Wtxmam-MaAjo*.  Stmtfkmm.  Visa***  S3S49 
I*mM  I?  Mnsey  INI;  MiiptiS  U  May  INI) 

Phowniwioa  spectroscopy  investigations  of  the  Si-Cr  interface  using  synchrotron  radiation 
indicate  mini  semiconductor  intermixing  during  room  temperature  interface  formation,  in  sharp 
contrast  with  the  Si-V  interface.  The  intermixed  phase  is  10—13  A  thick  and  is  of  definite  metallic 
character.  For  higher  metal  coverage  ( 2  20  monolayers)  photoemission  from  Si  Ip  levels  with 
variable  surlhce  sensitivity  show  Si  segregation  in  the  top  layers  of  the  Cr  film. 

PACS  numbers:  73.40.  Ns,  79.60.Eq,  81.13.Ef,  66.30.Ny 


In  this  communication  we  report  the  first  photoemimon  study 
of  a  siifcoo-refractory  metal  interface  in  which  the  tunabdity 
of  e  synchrotron  light  source  has  been  exploited  to  examine 
velence  bandwnd  core  level  emMon  features.  Valence  bend 
emission  from  the  interface  region  shows  dramatic  modifi- 
catfoaa  of  the  Cc-derived  3d  density  of  states  as  a  function  of 
metal  coverage  end  suggests  the  formation  of  an  tntmmxgd 
interface.  The  intermiied  phase,  formed  at  room  tempera* 
tore,  shows  a  definite  metallic  character  while  CrSfr.  the  only 
bulk  chromium  s&dde  known  to  fora  upon  beet  treatment 
(at  480*C)  of  evaporated  Cr  on  3.  was  reported  to  be  a 
semtamductor.1  Erniwlon  from  the  SI  2p  core  levels  confirms 
the  intermudng  and  suggests  an  eecape  depth-driven  expo¬ 
nential  attenuation  of  the  Si-derived  emimion  from  the  in¬ 
terface  region  at  higher  metal  coverages  (12-20  moooieyen). 
uraoom  nom  aw  expooenafti  omwiivswwnti  ugotr 
coverages  and.  correspondingly.  Si-core  photoemisnon  indi¬ 
cates  Si  segregation  at  the  surface  of  the  metal  film. 

An  increasing  amount  of  experimental  and  theoretical  in¬ 
formation  is  becoming  available  on  Si-oobk  metals  and  Sl- 
near- noble  metal  systema,M  but  modi  leas  h  known  about 
the  formation  of  Sl-refractory  metal  (unctions  Thetihcoo- 
refractory  metah  systems  are  Interesting  from  a  technological 
point  of  view.  Refractory  metal  sfflddb  growth  by  heat 
treatment  of  the  interface*  is  a  moat  promising  way  of  ob- 
tafcdnf  mataHtaMtaa  pattama  and  new  fate  materials  for  very 
large  scale  integrated  circuits.7  This  process  may  also  be 
valuable  for  obtaining  conductive  layers  stable  at  high  tem¬ 
perature  far  high  concentration  solar  adl  systems*  or  solid  state 
thermoelectric  generators.*  We  have  started  systematic  in* 
vtiptiowof  the  electronic  properties  of  bulk  Si-refractory 
metal  compounds1*  and  her*  we  present  our  first  results  on 
interface  formation.  We  hope  in  .this  way  to  contribute  to  a 
better  understanding  of  the  chemical  bonding  and  structure 
of  metal  semiconductor  interfaces.11*12 

In  this  paper  we  prerent  phntoamission  spectroscopy  studies 
with  synchrotron  radiation  of  the  SK 1 1 1  )-Cr  interface.  Sh'  11 1 ) 
substrates  were  obtained  by  cleaving  n-type.  phosphorous* 
doped  ■  1.3  3  cm)  Si  single  ervstais  in  an  ultrahign  vacuum 
system  (operating  pressure  24  X  10"11  Tom 5.3  x  I0~*  Pa*i. 
The  experimental  setup  has  been  described  elsewhere.13 
Substrate  cleanliness  was  monitored  by  detecting  the  Sh  II I) 


were  prepared  by  sublimation  of  Cr  from  a  Ta  boat  using 
liquid  nitrogen  cooled  electrodes  (pressure  22  X  10"10Torr 
(2.6  X  1(T*  Pa)  during  evaporation  j.  We  emphasize  that  the 
high  reactivity  of  the  refractory  metals  imposes  severe  re¬ 
strictions  on  the  operating  pressure.  The  high  temperature 
intermudng  process  itself  is  very  sensitive  to  the  presence  of 
contaminants*  for  the  Si-refractory  metal  interfaces.  The 
coverage.  8.  was  monitored  with  a  quartz  thickness  monitor 
and  is  given  in  terms  of  SKlll)  surface  atomic  density  (0  m 
1  monolayer  at— 7.6  X  1014  atoms/cm*).  Synchrotron  radia¬ 
tion  from  the  240  MeV  electron  storage  ring  Tantalus  was 
monochroma  tized  with  a  toroidal  grating  monochromator  in 
the  photon  energy  range  of  10-135  eV  or  with  a  Seya-Nam- 
ioka  type  monochromator  (10  2  hu  2  30  eV).  The  pboto- 
slectrons  were  energy  analyzed  by  a  double  pass  cylindrical 
minor  analyzer. 

Studies  of  the  Sl-Cr  interface  were  carried  out  at —300  K 
(RT)  for  metal  coverages  of  0.1  to  50  monolayers.  In  this  paper 
we  report  die  interface  behavior  for  8  5 «L  For  submonolayer 
coverages  we  mention  here14  that  the  emission  from  the 
S(1H)  intrinsic  surface  states  is  dramatically  reduced  at  the 
lowest  coverages  (0.1  2  0  2  0.4)  without  any  detectable 
change  of  the  Fermi  level  phoning  position.15 

In  Fig.  1  we  show  photoclectron  energy  distribution  curves 
(EDC’s)  for  a  photon  energy  of  21  eV  to  reveal  the  effects  of 
Gr  deposition.  The  bottommost  EDC  for  a  clean  Si(lll)  sur¬ 
face  shows  the  well  known  Si  valence  band  features  and  the 
Intrinsic  surface  state  emission.  Successive  EDO's  displayed 
upward  correspond  to  increasing  Cr  coverage  and  are  nor¬ 
malized  to  the  incident  photon  flux.  The  uppermost  curve 
shows  the  emission  spectrum  of  a  thick  Cr  film  (—300  A) 
evaporated  onto  oxidized  tantalum  and  is  in  good  agreement 
with  the  data  for  bulk  samples.1*  The  emission  spectrum  for 
a  given  coverage  was  found  to  be  independent  of  the  wav  the 
interface  was  obtained.  Le..  if  with  one  evaporation  or  with 
a  series  of  depositions.  As  shown  in  Fig.  1.  at  hv  ■  21  eV  the 
rmisnon  features  of  the  Si  substrate  are  viable  up  to  coverages 
of  2-3  monolayers.  For  higher  coverages  no  substrate  emission 
features  are  visible,  as  shown  bv  the  complete  disappearance 
of  the  Si  bulk  feature  —7.5  eV  beiow  £p. 

For  0  5  2  Fig.  1  clearly  shows  that  the  valence  band  is 
dominated  by  Cr-derived  3 d  emission,  although  for  coverages 
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ol  to  band  atructun  of  to  intermixed  Cr-S  phase  is  beyond 
to  leapt  of  t&tipeper.  we  not*  that  to  intermixed  phew  has 
•  detain  matsllc  character,  as  shown  by  to  high  density  of 
Mm  at  £p  in  Flp.  1  and  Z  Sine*  resistivity  measurements 
Iwetow  tot  GSgtixMauconductor  with  «0i35eV  bond 
pp,1  it  is  dear  that  room  temperature  intermixing  gives  rise 
»  a  phoat  with  electronic  structure  striidngiy  different  from 
CtS»  For  the  SL-V  interface.  Cbber  and  Rubioff17  repotted 
the  formation  at  3S0*C  at  an  intermixed  phase  with  an  overall 
V/S  ratio  of  ~l  while  the  only  known  interface  compound 
is  VS*j  which  forms  at  500*  C.*  In  this  connection,  we  are 
starting  more  systematic  studies  to  determine  whether  or  not 
strongly  intermixed  phases  are  generally  formed  before  sill* 
tide  aackation  at  Si-refractory  metal  interfaces.  This  would 
be  a  totally  new  notion  of  the  behavior  of  these  interfaces. 

Room  temperature  intermixing  is  somewhat  more  sur¬ 
prising  for  silicoo-refractorv  metal  than  for  the  other  sili¬ 
con-transition  metal  interfaces.  Silicon-refractory  metal  in* 
terfaces  show  much  higher  activation  energies  and  formation 
temperatures  for  compound  (disalicide)  growth.'  Two  very 
different  models  for  silicon-silicon  bond  breaking  have  been 
proposed  in  the  two  cases. 11  For  the  refractory  metal  silicides 
the  high  formation  temperature  (typically  600*0  was  re* 
hied*1  to  a  phonon  drifted  mechanism  of  silicon-silicon  bond 
breaking.**1  The  room  temperature  intermixing  for  the  Si-Cr 
system  and  the  formation  of  an  intermixed  phase  at  350*C 
for  X-V  suggest  that  the  microrcopic  situation  at  the  interface 
is  more  complicated  than  expected. 

Room  temperature  and  liquid  nitrogen  temperature  in¬ 
termixing  at  stifcon-inetal  interfaces  has  been  emaciated  with 
the  condensation  energy  of  the  metal  onto  the  semiconductor 
surface.®  The  different  behavior  of  S»-Cr  with  respect  to  S*-V 
would  imply  that  this  energy  contribution  is  sufficient  to 
promote  the  intermixing  only  in  the  cue  of  Cr.  In  this  respect 
we  note  that  within  all  Si-nfnctory  metal  interfaces  the  S-Cr 
system*  has  the  lowest  formation  temperature  (450*0  and 
the  lowest  activation  energy  (1.7  eV)  for  bulk  compound 
growth  (CrSis).  Further  investigations  are  strongly  needed, 
including  temperature  dependent  studies  of  the  formation 
of  Si-refractory  metal  interfaces  and  of  the  Si-Cr  one  in 
particular. 
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Structural  morphology  tad  electronic  properties  of  the  Si-Cr  interface 

A.  .Pn— rioai.  D.  J.  Peterman,  and  J.  H.  Weaver 
hdiww  Pndfariae  Otter,  Umbtmkf  of  Wbcomsin-Medisw x, 
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V.  L.  Morozzi 
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'  !l—lelennie(tt|tvim  tV)  of  iwa  tmpsracere  formation  of  the  Si-Cr 
ImmAm  i|ov  Mtftvi  fMhtvior  with  mnic  intmuiii|  tnd  dmftic  aojifcMioin  of 
tho  wmMviwt  d  dtudxf  of  mo.  itifooMBmc  upmtidoplKinci^vtvt 
tel  of  Ike  total  and  l  projected  deotiHee  of  statee  far  tbc  dlicida  0)51,  CrSi.  and  CrSij 
in  ampdfied  cubis  *f****T"  Hfwmm  aBow  as  idendflostioo  of  ganarsl  trends  in  tbe  dee* 
twit,  macan  upon  Si-O  bateropolar  bond  formation.  Umbo  experimental  and  theoced* 
eel  lenriBunmta  —  bwerinoe morphology  where  a  Si-ricb  intermixed  phase  is  present 
for  a  depth  of  a  10  monolayers  bowman  the  SI  crystal  and  the  unraeted  Cr  film.  Evi¬ 
dence  of  SI  Mpncsdon  in  the  tap  layers  of  the  Cr  film  is  provided. 


l  BmooucnoN 


junctions  heme  a  ndHoRtn  ins* 


dona  of  the  electronic  structure  for  a  series  of  Si* 
Crandd  ameaneh  to  oeln  iactehi  the 
modifleariou  of  the  rimtronic  statm  doe  to  Si«Cr 
Hbmpokr  bond  fonnetitm 

‘untng  the  hnponaat  conclusions  of  the  present 


stady  an  the  following. 

(t)  The  iacriaaic  Si  svfreoitate  emission  is 
dramatically  reduced  at  submonolayer  Cr  coverage 
bat  then  is  no  detectable  change  of  the  Fermi-level 
pisaing  position. 

(2)  At  raam  temperature,  an  intennixed  phase  of 
BMtttto  character  ia  formed  at  die  silicon-chro¬ 
mium  iaterfaceaad  com  peri  ion  experimental 

.it  theoretical  results  «..gg«—  thf  hm.  intermixed 
phase  is  St-rich. 

Schotdty  barrier  height  of  this  interface  differ 
from  what  ia  expected  for  a  Si-CrSij  interface. 

The  implication  is  that  the  Si-Cr  interface  may  not 
follow  trends  observed  for  other  Si-metal  inter* 
fasegft.  ha  asbtr  reactive  interfaces,  the  intermixed 
phase  formed  at  room  temperature  have  electronic 
structures  similar  to  those  of  the  “balk**  riliddes 
grown  by  high-temperature  film  reaction.1, 4-3  In 
Si-Cr.  tbe  intermixed  phase  is  metallic  whereas  the 
bulk  stliddc  CrSij  is  expected  to  be  a  small-gap 
semiconductor.  Si-refractory  metal  interfaces 
show,  in  fact,  remarkably  different  properties  for 
compound  growth  (stoichiometry  and  kinetics)1** 
from  other  Si-metal  interfaces.  For  the  Si-neor- 
nobte-meui  interfaces,  for  example,  moderate  an¬ 
nealing  (250*0  results  in  growth  of  NijSi,  PdjSi, 
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oat  set  of  perimeters  that  gives  reasonable  agree¬ 
ment  between  theory  and  experiment  for  both 
kvm  120  and  133  eV.  In  Fig.  S(d)  the  best  agree¬ 
ment  is  obtained  for  a  concentration  nt  of 
1.17X  10“  ialenda/cm*,  with  an  island  radius  of 
—22  A  at  0*3,  while  in  Fig.  8(e)  we  obtained 
some  agreement  choosing  nt  ■*.  10  X 10*° 
islands/cm2,  with  islands  of  -68- A  radius  at 
8«3.  The  fact  is  that  in  assuming  a  Volmer- 


Weber  growth  of  an  unreacted  Cr  film,  the  escape 
depth  difference  (L  *3—7  A  for  hvm  133  eV  and 
L  *  10— 12  A  for  Av«  120  eV)  is  not  enough  to 
explain  the  strong  difference  in  the  attenuation  rate 
of  the  experimental  spectra  in  Ftgs.  8(d)  and  8(e). 
Such  a  difference  can  be  accounted  for  by  assum¬ 
ing  that  reaction  does  occur  at  the  interface  and 
that  an  extended  intermixed  region  forms  upon  Cr 
deposition  on  the  Si  surface. 
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calculations  for  simplified  lattice  structures,  as  in  this 
paper. 

Similar  calculations  were  performed  (see  Ref.  10)  for  a 
number  of  refractory  metal  stlicides  and  the  systemat¬ 
ic  trends  allowed  the  interpretation  of  photoemission 
spectra  of  bulk  VSi,,  TaSi;,  and  McSi,. 
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laway.  J.  L.  Fry,  and  N  E.  Brener.  Phys.  Rev.  B  22- 
4977  ;  1981)  gave  a  virtually  identical  density  of  states. 
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!*Tfc«  number  of  electrons  per  atom  that  correspond  to 
a  pven  feature  in  the  DOS  can  be  easily  obtained 
nmembehni  that  the  structures  Cu.>Au.  CuAu.  and 
CuAttf  have  just  one  formula  unit  per  ceil. 

Bln  the  present  case  the  only  available  C r  core  level  was 
the  shallow  3 p  with  overall  photoemission  intensity 
that  made  it  unsuitable  for  coverage-dependent  stud* 
its.  Even  in  those  cases  where  it  is  possible  to  moni¬ 
tor  cote  binding  energy  shifts  of  both  elements  upon 
binary  compound  formation,  the  observed  “chemical 
shift"  need  not  be  related  in  an  elementary  way  to  the 
actual  charge  transfer,  see.  for  instance,  R.  E.  Watson 
and  M.  L.  Perlman.  Strum.  Bonding  &  32  (19731. 
Charge  transfer  in  energy  band  calculations  is  diffi¬ 
cult  to  define  because  it  depends  on  the  manner  in 
which  space  is  allocated  to  the  different  constituents. 
As  a  further  complication,  we  vary  the  lattice  con¬ 
stant  of  the  compound  (by  systematically  changing  the 
sphere  volumes  of  the  constituents)  in  order  to  deter¬ 
mine  the  minimum  total  energy  (theoretical  equilibri¬ 
um).  In  our  calculations,  the  space  allocation  of  the 
constituents  is  determined  by  calculated  bulk  modulii 
and  volumes  of  the  constituents  in  their  elements’ 
forms.  In  changing  the  volume  of  the  compound  (to 
find  theoretical  equilibrium),  a  constituent  with  a 
large  elemental  volume  and  a  small  elemental  bulk 
modulus  suffers  a  larger  volume  change  than  one  with 
a  small  elemental  volume  and  a  large  elemental  bulk 
modulus.  The  charge  transfers  referred  to  in  this 
work  are  all  based  on  this  construction. 
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Synchrotron-radiation  pfcocoemusioa  studies  at  bulk  samples  of  NijSi,  NiSi,  and  NiSij 
show  vaicace-baad  emission  dominated  by  Ni  3d  —derived  feature.  These  d  bends  shift 
toward  Er  and  broaden  with  increasing  Ni  concentration  and  Ni-Ni  interaction,  falling  at 
-3.2  eV  for  NiSij  and  —  IJ  cV  for  Ni*SL  In  each  case,  the  density  of  state  near  E >  is 
very  low.  These  results  are  interpreted  in  terms  at  recent  calculations  which  are  shown  to 
forecast  correctly  the  general  trends  and  modifications  of  siiiride  electronic  structure. 

Further,  they  that  the  4-band  features  observed  in  photoemission  reflect  d  states 

which  are  not  directly  involved  in  the  Ni— Si  bonds.  Core-level  studies  show  that  charge 
transfer  plays  a  minor  role  in  the  chemical  bond,  but  changes  in  the  electronic  configura¬ 
tion  account  for  the  observed  shifts  in  the  Ni  3p  binding  energy. 

The  structural  and  electronic  properties  of  metal  in  binding  energy  and  width  when  going  from 

silicides  an  receiving  increasing  attention  in  con-  NijSi  to  NiSi*.  This  trend  reflects  the  reduced  d~d 

Motion  with  efforts  to  understand  the  behavior  of  hybridization  in  the  Si-rich  silicides.  Core-level 
reactive  Si-metal  interfaces.1  Most  transition  met-  photoemission  results  show  that  ionidty  plays  a 

ais  and  near-noble-metals  can  re act  with  silicon  at  minor  role  in  the  silicide  chemical  bond;  cooilgura- 

low  temperatures  or  even  at  room  temperature  to  don  and  possibly  relaxation  effects  explain  the  ob¬ 
tain  thin  siliciddike  phases.2"7  The  presence  of  served  shifts  in  binding  energies, 

such  reunion  products  at  the  interface  determines 
the  properties  of  electronic  devices  and  is  of 

paramount  importance  in  the  new  technology  of  EXPERIMENTAL 

very  large  scale  integrated  circuits.* 

To  better  understand  chemical  bonding  at  the  in-  The  samples  were  prepared  by  comelting  high- 

terface  and  to  identify  potential  structural  and  purity  nickel  and  silicon  in  a  nonconsumable  arc 

electronic  differences  between  bulk  silicides  and  furnace.  The  melts  were  made  on  a  water-cooled 

these  silicidriike  phases,  one  must  examine  both  copper  hearth  under  a  purified  argon  atmosphere, 

bulk  and  interface  silicides.  However,  very  little  is  NijSi  and  NiSi  melt  congruently  and  tamed  rela- 

known  about  the  electronic  structure  of  bulk  sili-  lively  large  grains;  NiSij  forms  peri  tactically  at 

rides.*  In  this  paper  we  discuss  a  photoemission  980 'C.  To  ensure  that  the  peritectic  reaction  was 

investigation  of  the  bulk  pickd  silirides  NijSi,  completed,  and  to  enhance  grain  growth,  the  NiSij 

NiSi,  and  NiSij.  These  results  have  direct  bearing  casting  was  heated  for  five  days  at  950*G  Metal- 

on  interface  studies  and  they  are  also  important  lograpbic  examination  showed  the  samples  to  be 

from  the  point  of  view  of  bulk  electronic  structures  single  phase  and  analysis  verified  that  they  were 
of  alloys  because  one  rarely  has  an  opportunity  to  stoichiometric. 

study  several  stable  phases  of  an  alloy  and  observe  All  measurements  were  performed  in  an 

systematica  in  the  electronic  structure.  ultrahigh-vacuum  photoelectron  spectrometer 

The  measurements  discussed  here  reveal  well-  (operating  pressure  £  4X  !0”u  Tore).  Gean  sur- 

defiaed  treads  in  the  electronic  structure  of  the  sil-  faces  were  obtained  by  fracturing  the  samples  in 

iride  series  and  allow  us  to  make  comparison  with  situ  and  then  moving  them  to  the  common  focus 
a  number  of  recent  density  of  states  calculations.  of  the  monochromatic  synchrotron  radiation  beam 

The  Ni  3d— derived  band  is  shown  to  dominate  and  the  electron  energy  analyzer.  Details  of  the 

the  valence-band  spectra  and  to  vary  substantially  experimental  system  have  been  given  in  Ref.  10. 

54« 


26 


§1982  The  Amen  can  Physical  Society 


‘K.  N.  Tu  and  J.  W.  Mayer,  in  Thin  Films  Interdif- 
fusion  and  Reaction.  edited  by  J.  M.  Poate.  K.  N.  Tu. 
and  J.  W.  Mayer  (Wiley.  New  York.  1978).  Chap.  10*. 
J.  Otuviani,  J.  Vac.  Sci.  Technoi.  14.  1112  (19791. 

*1.  Abbati,  L.  Braicovich,  and  B.  Oe  Micheiis.  Solid 
State  Commun.  36.  14S  ( 1980);  O.  Rout,  I.  Abbati. 
L.  Beaieovich.  I.  Lindau.  and  W.  E.  Spicer,  ibid.  22» 
195  (1981). 

*L.  Braicovich.  I.  Abbati,  J.  N.  Miller,  I.  Lindau.  S. 
Schwarz,  P.  R.  Skeath.  C.  Y.  Su.  and  W.  E.  Spicer.  J. 
Vac  Set.  Tcchnol.  11  1005  (1980);  J.  N.  Miller.  S.  A 


Oranthaner,  F.  J.  Grunthaner,  A.  Madhukar,  and  J. 
W.  Mayer,  ibid.  1&  649  (1981). 

’W-  J.  Schaffer.  R.  W.  Bene  and  R.  M.  Waiaer.  J.  Vac. 
Sci.  Technoi.  H  1325  (1978);  R.  W.  Bene.  R.  Waiaer. 
G.  S.  Lee  and  K.  C  Chen.  ibid.  H  911  (1980). 

•S.  P.  Murarka,  J.  Vac  Sci.  Tcchnol.  H  775  (1980). 

*PhoioeatcBion  studies  at  aificidaa  obtained  by  thin-film 
reaction  can  be  found  in  Refs.  2  (PtjSi.  PtSi).  4 
(PdjSi),  and  6  (NijSi).  Studies  of  bulk  filicide  samples 
cleaved  in  situ  were  performed  tor  VSij,  TaSij,  and 
MoSii  by  J.  H.  Weaver.  V.  L.  Moruzzi.  and  F.  A. 
Schmidt.  Phys.  Rev.  B  21  2916  (1981),  and  for  CrSi, 
by  A.  Frandosi.  J.  H.  Waver.  D.  G.  0‘NetH,  F.  A. 
Schmidt.  O.  O.  McMastea,  O.  Biai.  and  C  Caiandra 
(unpublished). 

,0G-  Margaritondo.  J.  H.  Waver,  and  N.  G.  Stoffei.  J. 
Phys.  E 12. 662  (1979). 

"Figures  l -J  suggest  small  shifts  of  the  rf-band  max¬ 
imum  if  spectra  at  A  w24  eV  are  compared  with  re- 
suits  for  Avml20  eV.  A  shift  of  0.1  -0.15  eV  is  ob¬ 
served  for  NijSi  while  NiSi  and  NiSij  exhibit  smaller 
dispersion  (0.05—0.08  eV).  However,  much  physical 
significance  should  not  be  attached  to  these  numbers, 
owing  to  the  difficulty  of  properly  estimating  a  vary¬ 
ing  secondary  background  and  of  taking  into  account 
the  effect  of  a  varying  experimental  resolution,  worse 
(—0-3  eV)  for  the  high-energy  spectra  than  for  the 
low-energy  ones  (— <U  eV). 

,aO.  Bias  and  C  Caiandra.  J.  Phys.  C  1£  5479  (1982). 

,JR.  M.  Boulct,  A.  E.  Duns  worth,  J.-P.  Tan.  and  H.  L 
Skriver.  J.  Phys.  F  IQ,  2197  (1980). 

,4We  did  not  aaempt  s  proper  deconvolution  of  the 
spin-orbit  components  of  the  Si  2p  and  Ni  ip  doub- 
leta.  The  quoted  binding  energies  correspond  n  the 
peak  intensiues  with  respect  to  a  linearly  extrapolated 
secondary  background.  While  the  Ni  3p1/2  and 
Ni  ip\n  compooentt  can  be  clearly  identified  in  Fig. 

5,  the  experimental  resolution  made  it  impossible  to 
decompose  the  SI  2p  doublet.  The  Si  2p,/-  component 
in  Fig.  3  is  indicated  only  tentatively  through  the 
spin- orbit  splitting  appropriate  for  bulk  silicon  (-0.6 
eV). 

I5S.  Hiifner.  G.  K.  Wenheim.  and  J.  H.  Wernick.  Solid 
State  Commun.  12.  417  (1975);  in  Photoemisston  in 
Solids  It.  Vo L  27  at  Topics  in  Applied  Physics,  edited 
by  L.  Ley  and  M.  Cardona  (Springer,  New  York. 

1978).  p.  376. 

■*F.  J.  Him  peel.  P.  Hetmann.  T.-C.  Chtang,  and  D.  E. 
Eastman.  Phys.  Rev.  Lett,  fj,  1112'  1980). 


Schwarz.  I.  Lindau.  W.  E.  Spicer.  B.  De  Micheiis,  L 
Abbati.  and  L  Braicovich.  ibid.  12,  920  (1980). 

*J.  L.  Freeouf.  G.  W.  Rubloff.  P.  S.  Ho.  and  T.  S. 

Kuan.  Phys.  Rev.  Leu.  ii  1836  (1979);  P.  S.  Ho.  P. 
E.  Schmid,  and  H.  Foil,  ibid.  &  782  (1981). 

JA.  Frandosi.  D.  J.  Peterman,  and  J.  H.  Waver,  J.  Vac. 
Sd.  Techno!.  12,  657  (1981);  A.  Franctosi.  D.  J. 
Peterman.  J.  H.  Waver,  and  V.  L.  Moruzzi.  Phys. 
Rev.  B  (in  press). 

4P.  J.  Grunthaner.  F.  J.  Grunthaner.  and  J-  W.  Mayer. 

J.  Vac.  Sci.  Technol.  12.  *24  (1980);  P.  J. 


,TIf  we  reference  the  energy  scale  to  the  vacuum  level 
from  the  siltdde  work  function  and  from  literature 
data  (Ref.  16).  the  Si  2 p  binding  energy  is  Si  bulk — 
104.12  eV +0.2:  Ni-Si— 104.2  tO.2;  NiSi— 104.30*0.2; 
NiSij — 104.07*0.2.  Hence  very  little,  if  any,  chemi¬ 
cal  shift  is  observed. 

'•The  effect  is  actually  larger  since  lifetime  broadening 
increases  in  NiSi-  because  the  Id  hole  is  deeper  in  en¬ 
ergy  with  respect  to  £>.  Two  different  mechanisms 
can  describe  this  band  narrowing.  i.e-  the  Heme  in¬ 
verse  fifth  power  effect  (Ref.  19)  which  is  due  only  to 
the  increase  in  atomic  separation,  and  the  reduced  id 
tunneling  effect  iRef.  20)  in  alloys  with  sp  elements. 
The  rate  at  which  id  electrons  of  a  given  energy  tun¬ 
nel  through  the  /(/  •*  I  )/r*  centrifugal  barrier  from  a 
given  site  to  a  nearest-neighbor  site  is  proportional  to 
the  density  of  final  states  at  that  energy  associated 
with  the  nearest-neighbor  sue  (Ref.  19).  When  Ni 
nearest  neighbors  are  replaced  by  silicon  atoms,  the 
much  lower  density  of  final  stats  lads  to  narrower  d 
bands- 

**W-  Heine.  Phys.  Rev.  U2,  673  11967). 

®V-  L.  Moruzzi.  A.  R.  Williams,  and  J.  F.  Janak.  Phvs. 
Rev.  B  IQ.  4856  (1974). 

2,D.  A.  Shirley,  R.  L.  Martin,  S.  P.  Kowalczyk.  F.  R. 

McFedy,  and  L  Ley.  Phys.  Rev.  8  12.  544  (1977). 
aA.  R.  Williams  and  N.  D.  Lang,  Phys.  Rev.  Lett.  4Q, 
954(1978). 

aY.  Baer.  P.  F  Heden.  J.  Heldnun.  M.  Klasson.  C. 
Nordling,  and  K.  Seigbahn.  Phys.  Scr.  i.  55  (1970); 

C  Guillot,  Y.  Ballu.  J.  Paipne.  J.  Lacante.  K.  P.  Jam. 
P.  Thiry,  R.  Pinchaux.  Y.  Petroff.  and  L.  M.  Faiicov. 
Phys.  Rev.  Lett.  22.  1632  11977);  M.  Iwan.  F.  J. 
Kimpset.  and  D.  E.  Eastman,  ibid.  ±2,  1829  (1979). 
l4D.  R.  Penn.  Phys.  Rev.  Leu.  JJ.  921  (1979);  L.  C. 
Davis  and  L.  A.  Feidkamp.  Phys.  Rev.  B  22,  6239 
(1981). 

aN.  Mirtensson  and  B.  Johansson.  Phys.  Rev.  Lett.  1L 
482  ( 1980);  J.  C.  Fuggle.  M.  Campagna.  Z.  Zolnterek. 
R.  Lister,  and  A.  Platau.  Phys.  Rev.  Lett.  £2,  1597 
(1980),  and  references  therein. 

:>J.  C.  Fuggle  and  Z.  Zolnierek.  Solid  State  Commun. 

21  799  (1981). 

:7W.  B.  Parson.  Handbook  of  Lamer  Spacing  and 
Structures  of  Metals  ana  Alloys  (Pergamon.  New 
York.  1955);  W.  B.  Pearson.  The  Crystal  Chtmtstrv 
and  Physics  of  Metals  and  Altovs  '.Wiiev.  New  York. 
1972). 


SC 


■tffcfc 


Chemical  bonding  at  the  Si-metal  interface:  SI— Ni  and  Sl-Cr 

A.  Franco*,  J.  R  Waavar,  and  D.  G.  O'NariJ 

Synchrotron  Mediation  Center,  'unitmrsuy  of  Wbcow-Maduok"  .Stoughton.  Wisconsin  53599 

Y.  Cfcabal.'J.E.  Rowa,  and  J.  M.  Poata 

MeQ  Laboratories.  Murray  HUL  New  Jersey  07974 

O.  BJRandC.  Caiandra 

Is&utodi  fbka.  University  di  Modena.  Italy 
(Received  29  January  1912;  accepted  12  March  1982) 

Chemical  beading  at  the  interface  of  a  near-noble- metal  (Ni)  and  a  transition  metal  (Cr)  with  Si  is 
through  synchrotron  radiation  photoelectron  spectroscopy  studies  of  in  situ  formed 
interfaces,  of  cleaved  bulk  siltcides.  and  of  disordered  surfaces  prepared  by  sputter  etching  of  the 
interpretation  of  these  experimental  results  is  guided  by  parallel  linear  combination  of 
atomic  orbitals  (LCAO)  (extended  Huckel  approximation)  calculations  of  stoichiometric  Ni  and 
Cr 


PACS  numbers:  73.40.Lq,  82.30.Pv,  79.60.Eq,  68.48.  +  f 


L  INTRODUCTION 

For  most  silicon-metal  systems,  chemical  reactions  occur  in 
the  interface  region  even  daring  room-temperature  junction 
fbrmaDoo. 1  The  characterization  of  the  reaction  products  is 
of  Amdamental  importance  in  undemanding  interface  and 
Schottfcy  barrier3  formation  and  sibcide  growth.1 

It  was  recently  shown  that  roam-temperature  deposition 
of  Ni.  Pd,  and  Pt  on  Si  gives  rise  to  silicirifiike  reaction  pro¬ 
ducts  at  the  interface. Such  phases  have  electronic  struc¬ 
tures  dose  to,  but  not  identical  to.  the  metal-rich  siliddes 
NijSl  PdjSi.  and  PtjSL  The  differences  have  been  ascribed 
to  composition  gradients  in  a  smoothly  varying  interface  re¬ 
gion, 1,4  to  local  bonding  distoruons  at  an  otherwise  sharp 
interface  between  St  and  an  ordered,  stoichiometric  silicide.5 
and  to  the  presence  of  interstitial  metal  atoms  in  the  Si  lattice 
neighboring  the  silkida-metal  interface.5  Less  is  known 
about  Si-refractory  metal  interfaces  but  it  has  been  suggest¬ 
ed1  that  different  mechanisms  control  silidde  nucleadon  in 
these  systems  since  they  exhibit  higher  formation  tempera¬ 
tures,  different  Am  nudeation  phases  (diailicidts)  and 
growth  kinetics  than  do  S-oear  noble  metal  interfaces. 

Many  of  the  existing  controversies  and  ambiguities  in  the 
interface  literature  reflect,  in  our  opinion,  an  incomplete 
knowledge  of  the  electronic  structure  of  bulk  stoichiometric 
siltcides  and  the  physical  parameters  which  affect  them.  To 
address  some  of  these  interesting  problems,  we  have  per¬ 
forated  photoemission  studies  with  synchrotron  radiation  of 
in  situ  cleaved  bulk  samples  ofNijSi,  NiSi.  NiSi.,*  and  CrSi,’ 
and  compared  our  data  with  calculations  of  the  electronic 
density  of  the  states  for  NijSi.  NiSi,  NiSi,.  Cr,Si,  CrSi.  and 
CrSi,.7*  In  addition,  we  have  examined  the  electronic  pro¬ 
perties  of  Ar  sputtered  NiSi.  so  as  to  consider  the  effects  of 
long-range  order  and  of  large  deviations  from  stoichiometry. 
These  resuits  are  compared  with  interface  results.  ' 

The  photoemission  experiments  used  radiation  from  the 
240  Me V  electron  storage  ring  Tantalus,  a  toroidal  grating 
monochromator  wu  used  to  disperse  the  radiation.  Photoe¬ 


mission  and  Auger  measurements10  were  performed  with  a 
double-pass  cylindrical  mirror  electron  energy  analyzer. 
Rutherford  backscattering  and  channeling  measurements 
helped  characterize  the  samples  used  in  the  sputtering  ex¬ 
periments  of  Si-NL*  Total  and  /-projected  density  of  states 
calculations  were  performed  for  stoichiometric  silicides  us¬ 
ing  the  LCAO  method  in  the  extended  Huckel  approxima¬ 
tion.* 

In  Fig.  1  we  compare  photoemission  spectra*  for  Ni.Si, 
NiSi.  and  NiSij  taken  at  hv  »  50  eV  with  the  density  of  states 
calculated  for  the  stoichiometric  compounds.  As  Shown,  the 
calculations  are  in  very  good  agreement  with  experiment. 
The  valence  bands  are  dominated  by  Ni  3rf-derived  features 
which  shift  toward  E,  and  broaden  with  increasing  Ni  con¬ 
centration  and  Ni-Ni  interaction.  Comparison  with  theory 
shows  that  the  valence  band  emission  « .«ost  sensitive  to  Ni 
d  states  that  are  not  directly  coupled  with  Si-derived  orbitals, 
ue.,  nonbonding  i  states.  The  bonding  Si-p/Ni-d  states, 
shown  shaded  in  Fig.  i.  are  relatively  invisible  since  they  are 
fewer  in  number  and  are  more  extended  in  energy  than  the 
nonbonding  Ni-d  states.  The  calculations  and  experiment 
show  that  the  Ni-derived  nonbonding  states  are  modified  as 
the  Ni  3d-Ni  3 d  interaction  changes  in  the  silicide  series. 
The  main  3d  feature  (arrow.  Fig.  I )  falls  3.2  eV  below  Er  for 
NiSi-,  at  1.8  eV  below  for  NiSi.  and  1.3  eV  below  for  Ni-Si. 
The  apparent  full  width  at  half  maximum  iFWHMl  in¬ 
creases  by  more  than  a  factor  of  two  on  going  from  the  low- 
Ni  compound  NiSi-  to  the  Ni-rich  silicide  Ni-Si.  At  the  same 
time,  the  binding  energy  of  the  Ni  3 p  core  levels  varies  in  a 
way  which  is  nearly  identical  to  that  of  the  center  of  the  d 
bands.  In  contrast  to  this,  the  binding  energy  of  the  Si  Is 
levels  does  not  change  appreciably5  and  therefore  the  effect 
of  charge  transfer  :s  compensated  by  the  change  :n  relaxa¬ 
tion  and  other  potential  changes  in  ail  cases  and  does  not 
appear  to  be  systematically  related  to  the  observed  core  shift. 


•gain  emphasize  the  nonbonding  3 d  features,  as  we  found  to 
be  the  ease  for  the  Ni-silicides  iFig.  1).  The  Estates  that  are 
predicted  to  be  directly  involved  in  the  bonding  with  Si  are 
relatively  invisible  in  our  data,  presumably  because  the  Cr- 
d/S k-p  hybridization  modifies  the  partial  photoionization 
crocs  sections  for  these  states. 

As  was  the  case  for  Ni  silicides.  the  nonbonding  Estates 
reflect  the  reduction  of  the  Ct-Ct  interaction  which  accom¬ 
panies  decreased  metal  content  in  the  Cr  silicide  sequence. 
The  calculations  clearly  indicate  that  the  width  of  the  non¬ 
bonding  3d  manifold,  which  is  determined  primarily  by  3d- 
3 d  interaction,  decreases  but  they  also  show  that  these  bands 
ate  cut  by  Er.  Since  only  the  rf-states  below  E,  are  visible  in 
photoenussion,  changes  in  composition  are  observed  less 
dramatically  in  photoemission  spectra  for  Si-Cr  than  for  Si- 
Nl 

During  room-temperature  formation  of  the  Si-Cr  inter¬ 
face,  photoemission  spectra  from  valence  and  core  levels  in¬ 
dicate  that  Si-Cr  intermixing  occurs  at  the  interface  for  met¬ 
al  coverage  up  to  — 10  monolayers.1*  The  3 d  valence  band 
emission  for  the  intermixed  phase  is  substantially  different 
from  that  of  bulk  Cr.  The  main  3d  emission  feature  shifts 
toward  E,  with  increasing  metal  coverage  for  9  <  10  and 
then  back  toward  its  position  in  bulk  Cr  for  9>  10.  Corre¬ 
spondingly,  a  very  small  shift  of  the  Si  2 p  cores  to  lower 
binding  energy  is  observed.  Comparison  of  our  experimental 
and  theoretical  results  for  Cr  silicides  shows  that  these  inter¬ 
mixed  phases  am  Si-rich. 

The  valence  band  spectra  for  the  interface  region  with 
9 — 10  am  similar  in  some  respects  to  our  results  for  bulk, 
cleaved  CrSi,  but  them  are  also  clear  differences  I  loss  of  fine 
structure,  greater  overall  width),  as  shown  in  Fig.  3.  Since 
the  only  Cr  silicide  previously  known  to  grow  on  Si  upon 
reaction  at  430  *C  is  CrSij,  we  conclude  that  either  nonstoi- 
chiometric  mixed  phases  or  local  bonding  distortions  are 
present  at  the  Si-Cr  interface 

The  interpretation  of  the  modification  of  the  valence  band 
with  increasing  coverage  (9<  10)  and  of  the  early  stages  of 
interface  formation  is  less  clear  cut  than  for  Si-NL  For  Ni 
silicides  the  measured  Ni  3d  states  were  modified  through 
changes  in  Ni-Ni  interaction.  The  Si-rich  Cr  silicides  are 
more  complex;  fewer  Cr  3d  states  form  the  occupied  non¬ 
bonding  section  of  the  d  bands  and  these  features  lose  impor¬ 
tance  compared  to  the  deeper  Ch-d  /Si-p  bonding  states  with 
increasing  Si  content.  At  the  same  time  the  overall  width  of 
this  nonbonding  section  around  Er  decreases  but  only  the 
states  below  E,  are  seen  through  photoemission  and  it  is 
difficult  to  forecast  the  resulting  experimental  trend.  In¬ 
creasing  the  Cr  content  during  interface  formation  ( 9  <  12), 
however,  we  did  not  observe  a  change  toward  a  lower  density 
of  states  at  E,  (similar  to  that  of  Cr,Si)  so  that  the  modifica¬ 
tion  of  the  valence  band  cannot  be  unambiguously  related  to 


a  Cr-Si  composition  gradient  as  in  the  case  of  Si-Ni. 

In  this  paper  we  have  presented  experimental  results  for 
several  bulk  Ni  and  Cr  silicides  and  these  have  been  com¬ 
pared  to  our  calculations  and  to  experimental  results  for  the 
Si-metal  interface.  We  have  shown  that  the  silicide  density 
of  states  has  a  region  of  nonbonding  character  which  falls 
between  the  hybridized  Si-metal  bonding  and  antibonding 
regions  and  that  the  nonbonding  features  are  most  visible  in 
photoemission.  By  examining  trends  established  experimen¬ 
tally  and  theoretically  in  the  electronic  properties  of  the  Ni 
silicides.  we  have  shown  that  the  Si-Ni  interface  exhibits  a 
concentration  gradient  starting  from  a  NiSi-type  situation 
during  the  early  stages  of  formation  and  that  there  is  no 
evidence  of  a  NiSi.-like  phase  or  of  interstitial  Ni  in  silicon. 
The  results  for  the  Si-Cr  interface  are  less  clear  cut  and  are 
being  examined  through  systematics  involving  other  refrac¬ 
tory  metal  silicides. 
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We  report  synchrotron* radiation  photoenrieeion  studies  of  cleaved  PdjSi  in  which  we  use 
4 d  Cooper  minim um  and  4p~4d  resonance  techniques  to  identify  the  bonding  Si  p— Pd  d 
states  3J— 45  eV  below  Er,  the  Si  s  states  at  9J  eV,  the  nonbonding  Pd  4 d  states  centered 
at  2J  *V,  and  hybridized  Si-Pd  or  Pd  sp  states  within  1.5  eV  of  Er.  The  resonant  photo* 
wnwairm  technique  was  shown  to  yield  detailed  information  about  the  orbital  eh»r«etw  of 
the  valence  states  and  to  be  applicable  in  principle  to  all  Si— d*metal  systems.  Comparison 
of  bulk  PdjSi  with  palladium  tilicide  thermally  grown  on  Sid  1 1)  shows  the  «na»n  id  emis¬ 
sion  feature  at  2.8  eV  shifted  0.3  eV  to  higher  binding  energy  relative  to  bulk  PdjSi.  an  in¬ 
creased  full  width  at  half  maximum  (2.5  versus  1.5  eV),  and  substantially  greater  emission 
from  Si  p— metal  d  bonding  states.  This  confirms  that  the  palladium  siiidde  formed  on  Si  is 
Si  rich  near  the  siiidde- vacuum  interface  and  shows  that  the  electronic  structure  of  the  up¬ 
permost  siiidde  layers  differs  from  that  of  bulk  PdjSi. 


INTRODUCTION 

The  interface  between  two  dissimilar  materials 
frequently  exhibits  structural  and  electronic  proper¬ 
ties  which  are  different  from  those  of  either  materi¬ 
al.  These  interfaces  are  of  (rent  fundamental  and 
technological  importance  because  of  their  role  in 
Scbottky  barrier  formation,  proximity  effects  for  su¬ 
perconductors,  ohmic  contacts,  coherent  modulated 
structures,  etc.  Major  experimental  and  theoretical 
programs  are  presently  underway  which  examine 
atomic  diffusion,  interface  morphology,  and  elec¬ 
tronic  structures.1-9 

To  characterize  the  reactions  which  occur  at  in¬ 
terfaces  requires  a  thorough  understanding  of  Si- 
metal  chemical  bonding  in  bulk  siliddes.  The  elec¬ 
tronic  structure  of  PdjSi  ,has  been  the  subject  of 
intense  interest  in  connection  with  Si-Pd  interface 
reaction.9-*  However,  all  the  data  available  so  far 
concern  siliddes  obtained  by  metal-film  reaction  on 
Sit  111)  following  heat  treatment  that  enhances  sur¬ 
face  segregation  and  causes  composition  gradients  at 
the  silicidc- vacuum  interface.  The  present  study 
concerns  bulk  PdjSi  samples  cleaved  in  situ  and 
represents  the  first  systematic  study  of  the  bulk  elec¬ 
tronic  structure  of  PdjSi,  as  emphasized  by  the 
relevant  differences  observed  with  respect  to  the  pre¬ 
vious  literature.9-*  To  study  the  character  of  the 
electronic  valence  states,  we  systematically  applied 
to  PdjSi  Cooper  minimum  and  resonant- 


photoemission  techniques.  While  both  techniques 
have  been  previously  applied  to  other  systems  for 
analyzing  the  electronic  density  of  states,  this  is  the 
first  application  to  a  bulk  Si-metal  compound.  The 
present  results  dearly  demonstrate  the  potential  of 
such  techniques  in  understanding  the  Si-metal 
chemical  bonding  and  directly  reflect  on  the  model¬ 
ing  of  the  Si-Pd  interface.  Resonant  photoemission 
obtains  complementary  information  with  respect  to 
the  Cooper  minimum  technique  and  allows  investi¬ 
gation  of  the  different  contributions  to  the  electronic 
density  of  states  in  the  Si— 3d-metal  system  where 
the  other  technique  is  not  applicable. 

EXPERIMENTAL 

Bulk  samples  of  PdjSi  were  prepared  by  co¬ 
melting  high-purity  palladium  and  silicon  under  an 
argon  atmosphere  in  the  water-cooled  copper  hearth 
of  a  nonconsumable  arc  furnace.  The  resulting  but¬ 
tons  were  zone  refined  to  enhance  grain  growth.  X- 
ray  diffraction  studies  showed  the  C22  hexagonal 
(FejP-type)  structure  of  PdjSi  with  a  »  6.493  £0.003 
A  and  cw3.440  r0.004  a.  Clean  surfaces  suitable 
for  photoemission  studies  were  obtained  by  fractur¬ 
ing  the  samples  in  the  uitrahigh  vacuum  photoeiec- 
tron  spectrometer  at  operating  pressures  of 
-3x  10“"  Torr.  Immediately  after  fracturing,  the 
samples  were  positioned  at  the  common  focus  of  the 
monochromatic  synchrotron-radiation  beam  and  the 
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our  balk  studies.  The  Si2pi/2  eon  emission  appears  at 
99.S3tO.15  «V  in  this  study  sad  at  99.72  eV  in  Raf.  7 
after  hoot  treatment  at  200*C  of  Pd  films  evaporated 
onSklOO). 
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that  PdjSi  is  not  in  thermodynamic  equilibrium  with 
silicon  so  that  the  bulk  stoichiometry  of  a  PdjSi  film  in 
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determines  metal  enrichment  with  respect  to  the  initial 
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higher  binding  energy  is  expected  from  the  systematic! 
of  DOS  calculations  for  the  PdjSi-PdSi  series  (Ref.  14) 
and  of  photoemission  results  for  Pd,Si,_,  disordered 
alloys.  See  1.  D.  Riley,  L.  Ley,  J.  Azouiay,  and  K. 
Terakum.  Phys.  Rev.  B  20.  776  (1979);  P.  Oelhafen.  M. 
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4,Sincc  the  annealing  proctm  does  yield  Si  enrichment  (see 
Ref.  40).  the  states  within  1 J  eV  of  Ef  do  not  seem  re¬ 
lated  to  a  tailing  below  Er  of  the  Si  p— Pd  d  antibond¬ 
ing  states. 
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Wppi— ueiycbrauue  roOhrion  phonw miieinn  ttudy  of  otidde audeetion  at  the  SMI  II >-P0 
eadSkllQ-Crwiwfaeraeudof  the  electronic etnmuuo of  bulk  M.SL  CrS,.  TiSi,.  VSi:.CoSi,. 
NiS]  aud  Ni,SL  Thom  reveal  the  S-p/matai-d  hybridisation.  tie  boodm|  and  noobondini 
noaMoM  d  fbowtiee.  and  tic  decneplini  of  S*-p  and  S-i  stain  as  ptedicted  by  recent 
oalMtaoeaa.  Cenpesieoe  of  bolk  Andes  with  Pd  and  Cr  Andes  thermally  prawn  at  tie 
sHoom-nonl  isMerface  shows  that  tie  structure  and  aocapoSBon  of  tie  first  prowvb  phases 
anmpaai  to  Pdjii  and  OS,  but  that  tie  surface  slsctrcnic  structure  caiubim  an  increase  in  tie 
inaanAqr  of  So  boudinp  metal  d/uficon  p  density  of  states  features.  Swenhchincnt  at  Ac 
dUfomno  mwfane  amlaiaa  tio  apparent  diffareneee  between  tie  electronic  structure  of  tie 


SiBcide  growth  at  silicon- transition  metal  interfaces  is  of  paramount  impor¬ 
tance  in  the  technology  of  very  large  scale  integrated  circuits  [1.2],  However, 
the  microecopic  mechanisms  of  Si-Si  bond  breaking  and  silidde  formation  are 
not  sufficiently  understood  for  detailed  modeling  of  the  interface  chemistry. 
Indeed,  it  is  only  within  the  last  few  years  that  the  flexible  tools  of  the  interface 
science  (photoemittion.  LEED,  Auger.  TEM,  RHEED.  etc.,  and  theoretical 
modeling)  have  been  brought  to  bear  on  these  important  scientific  and 
technological  problems. 

We  Save  undertaken  photocmission  studies  of  bulk  and  interface  filicides  to 
examine  the  electronic  interactions  and  growth  properties  of  filicides.  In  this 
paper,  we  focus  on  the  thermal  processing  of  the  Si- Pd  and  Si-Cr  junctions 
and  on  the  growth  of  the  silidde  phases  at  the  interface  (both  Si- Pd  [3-9)  and 
the  Si-Cr  [10]  have  been  extensively  studied  at  room  temperature).  Results  for 
the  silicides  grown  on  Si  are  compared  to  those  for  bulk  PdjSi  and  CrSi2  to 
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St-nfTAL  INTIMACt  AUCTION  ANO  BULK  CLCCTAONIC  STRUCTUAC  Of  S I  LI  Cl  DCS 


A.  Franc losi  end  J.H.  tluMf 


Synchrotron  Radiation  Cantor 
Unlvorilty  of  Wiseons  tn-Had I  ton 
Stoughton,  w  I  teens  In  535*9  USA 

Wo  Moaarite  synchrotron  radiation  photoemission  results  for  cleaved,  bulk  3d  transi¬ 
tion  oota  I  disltleldos  and  for  the  Interfaces  of  St ( 1 1 1 ) -Cr ,  Sl(1ll)-Ti,  SKIID-Ca, 
and  Si(IM)-Sm. 


Wa  have  undertaken  a  series  of  synchrotron 
radiation  ehotoaaitsion  studies  which  emphasize 
Si-motel  Interface  formation  and  the  electronic 
interactions  in  bulk  metal  si  Welded.  The 
aeerooch  Is  twofold,  first,  wo  have  performed 
step-by-step  analysis  of  Si-Cr,1  Si-TI,-  Sl-Ca,* 
end  Sl-Sm*  Interface  fortMtlon  through  analysis 
of  the  interface  electronic  structure  as  a 
function  of  metal  coverage  on  cleaved  Si(lti). 
This  work  has  Included  both  room  temperature 
and  high  temperature  character i tat  Ion  of  the 
sllloldaa  which  grow  on  SI.  The  goal  Is  to 
correlate  tho  different  reaction  stages  with 
the  establishment  of  tho  junction  parameters.1 
Second,  wo  have  conducted  studios  of  the' bulk 
silleides  of  TJ ,  v,  Cr,  Co,  and  Nl*  to  charac¬ 
terize  Si-metal  chemical  bonding  In  general,  to 
amphasito  tho  effect  of  stoichiometry  variations 
on  tho  electronic  structure,  and  for  comparison 
of  hulk  silleides  and  interface  reaction  pro¬ 
ducts. 

In  fig.  I  we  show  photosmi ss ion  spectra  for 
several  dlslllcides  to  provldo  a  general  pic¬ 
ture  of  the  electronic  states  of  bulk  3d -metal 
dlslllcides.7  Aa  shown,  tho  valenca  bonds  of 
tho  disillcidos  of  Tl  and  V  eahibit  dominant 
)d-darived  spectral  features  1-2  eV  below  Ip 
(full  width  at  half  meaimum  of  2.S-3  ad)  and  a 
relatively  high  density  of  states  at  Ip.  These 
aro  primarily  duo  to  d  states  which  are  hybrid¬ 
ized  with  SI  p-dorived  states  (shaded  regions 
of  OOS).  As  one  moves  across  tho  3d  transition 
metal  series,  the  primary  festurs  shifts  to 
higher  binding  energy  end  Ip  falls  in  a  region 
where  an  increasing  nueoer  of  non-bonding  d 
states  are  present.  Tho  spectra  for  CoSij  and 
NISI}  show  these  predominantly  non-bonding  d 
states  as  a  relatively  narrow  band  (mj  py  below 
tp  for  NtSi}).  The  bonding  d  states  appear  as 
a  shoulder  at  higher  ainding  energy.  Compari¬ 
son  of  experiment  with  theory1*1*  reveals  good 
agreement  through  the  sHlcide  series  and 
demonstratss  the  imeortanca  of  Sl-p/metal-d 
hybridization  for  bonding. 

while  the  nature  of  tho  chemical  bond  for 
transition  metal  i  i  Me  Idas  is  becoming  better 
estaolisneo,  almost  nothing  is  «n«*n  about 
bonding  *n  metals  -rich  nave  few  i  electrons,  t 
notes  I v  the  rare  earths  ana  :re  alkali  metals.- 


In  order  to  examine  these  systems  and  to  con¬ 
trast  the  interfacial  ano  bulk  electronic  inter¬ 
actions  of  Si  with  d  and  non-d  metals,  we 
initiated  studies  of  the  Ca*Si  and  Sms— S !  systems. 
Preliminary  results  for  these  interfaces  snow 
larger  core  level  snlfts  than  have  been  observed 
for  the  d-bano  metals  (>>1.5  «V  for  the  Si  2p 
cores)  and  major  reductions  in  the  work  function 
(more  than  2  eV)  during  room  temperature  re¬ 
action.  furthermore,  the  Sm-SI  system  exhibits 
a  Sm’l-S**1  valence  change  that  coincides  with 
a  transition  between  two  stages  of  interface 
formation. 

for  these  Si-Ca,  Si-Sm.  Si-Cr,  and  Si-TI  inter¬ 
faces,  the  amission  from  intrinsic  Si  surface 
states  Is  removed  during  the  early  stages  of 
interface  formation  and  the  final  value  of  the 
Schottky  barrier  is  reached  at  Suomonolayer 
coverage.  Room  temperature  studies  show  a 
subsecuant  second  stage  of  interface  formation 
when  an  extended,  intermixed  transition  region 
between  metal  and  semiconouctor  is  formed.  The 
intermixed  phases  exnibit  electronic  structures 
which  differ  from  those  of  high  temperature 
reacted  Interfaces.1  The  establishment  of  the 
Schottky  barrier  during  the  very  early  stages 
of  Interface  formation  and  tne  relative  inde¬ 
pendence  of  the  barrier  height  onanneaiing 
treatment  or  silicide  composition-* l!  suggest 
that  the  fundamental  parameters  of  the  junction 
are  determined  by  microscopic  reaction  on  a 
scale  of  1*2  atomic  layers  retner  than  by  the 
subsoouont  stages  of  Si-metal  reaction. 

The  trends  observed  for  Si -refractory  metal. 
Si-rare  earth,  and  Si-alkaii  eartn  interfaces, 
the  absence  of  a  snare  Si -metal  boundaries,  and 
the  existence  of  complex  interface  morphologies 
adds  substantially  to  the  picture  of  Si  inter¬ 
faces  which  has  previously  included  Cu,  Ag,  Au, 
Nl,  Fd  and  Ft.;l  rurtner  modeling  of  these 
Systems  will  reouirc  systematic  comparison  of 
bulk  and  interface  results  ana  -ill  include  tne 
inherent  i nnomogene i tv  of  tne  Si-si  I iciee-vecuum 
Interface.  Sucn  studies  are  uneerwev  in  several 
laboratories  and  major  progress  can  se  antici¬ 
pated  in  tne  next  *ew  veers. 
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Fldjl  Valence  vend  ..mission  and  tnaoratical 
metal -d  OOS  (from  Raf.  6)  for  3d  metal  cl* 
suicides.  Shading  indicates  $i-p/neta»-« 
bonding  states.  For  Tt$l.  and  VSI;,  those 
hybrid  d-p  states  are  more  raadi lv’iaan  than 
in  CoS  I ;  or  KSi *  where  the  non-aonoing  t 
character  oominatas. 


•  «O4»IFI3033» 

Modulation  of  atomic  interdiffuaion  at  the  SI(1 1 1)-Au  interface 
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W«  attained  a  wide  modulation  of  the  Si(lll)-Au  interface  reaction  by  deposition  of  controlled 
anonm  of  Cr  on  the  semiconductor  surface  before  in  situ  junction  fromation.  Synchrotron 
radiation  photoemmion  studies  show  that  Cr  deposition  gives  rise  to  a  Si/Cr  reacted  interlayer 
that  dramatically  affects  the  subsequent  Si-Au  interdiflbsion.  Negligible  interdifliision  of  Cr  and 
Anatoms' wes  tend  in  all  cases  so  that  the  Si-Au  intermixing  depends  upon  an  exchange  reaction 
at  the  S/Cr-Au  huerihea  in  which  Si  is  the  only  moving  species.  Large  reduction  of  the 
tntetdiflVuaon  occurs  sharply  above  a  critical  value  of  Cr  deposition  (10  monolayers)  that 
corresponds  to  a  fafly  reacted  Si(l  11  )-Cr  interface. 


PACS  numbers:  66J0.Ny 

I.  INTRODUCTION 

laterdiftsioB  end  chemical  reactions  at  Si— metal  inter* 
(hem  is  the  subject  of  intense  rescrach  aimed  to  explain  the  i 
general  ptopartim  of  S-metal  junctions.1**  The  problems  • 
range  from  estimating  the  influence  of  interface  chemistry 
on  the  Schoctky  batrier  bright10-44  to  assessing  the  relative 
imponance  of  thannai  energy,  ciniiak  interface  defects, 
and  bulk  Si-metal  «*»■»«■«  “lymmk.1  in  daisnmlmng  ^  for* 

nuliwi  IriiMne,  wri  fjjf  fa|  ffpu  mi, 

drawn  attention  an  the  possibility  of  modulating  interface 
tearoom  by  varying  the  thickness  of  a  dun  simple  metal 
intariayer  deposited  in  the  interface  region  between  the  samt* 
conductor  andanobkmataL**-1*  In  what  follows  we  present 
a  study  of  the  effect  of  a  refractory  metal  (Cr)  interlayer  on 
the  mterihee  reaction  between  Si  end  Au.W«attamcdswide 
variation  of  the  Si-Au  reaction  by  modulating  the  interlayer 
rtiirtaime  and  we  suggest  that  this  effect  is  related  to  the 
varying  local  enviwomwttofthe  SI  atoms  in  the  Si/Cr  inter* 
fece  phase.  The  different  stages  of  interface  reaction  that  we 
identifled*71*  during  the  formation  of  the  Sill  1 1>-Cr  junc¬ 
tion.  therefore;  are  bound  to  corrmpond  to  a  qualitatively 
different  influence  of  the  Cr  interlayer  on  the  Si-Au  interdif* 
ftstiwt' 10  Such  dtthtences  were  examined  through  synchro- 
tron  radiation  photoemission  studies  of  the  Si/Cr  interface 
phaae  and  of  the  overall  Si/Cr-Au  junction.  Emission  from 
the  vaknea  states  and  from  the  Si  2p,  Cr  ip,  and  Au  4/core 
levels  was  examined  as  a  Auction  of  the  Cr  coverage  on 

the  silicon  surface  prior  to  Au  deposi  tion  and  as  a  fanction  of 
Au  deposition  on  Si/Cr  phases  of  given  composition.  Cr  cov¬ 
erage  of  0.  1-13  A  and  Au  coverage  of  1-30  A  were  examined 
and  we  will  discuss  here  preliminary  conclusions  drawn 
mainly  from  valence  band  photoemmion.  focusing  on  the 
nature  of  the  diffusion  barrier  effect  of  the  Cr  interlayer  for 
9r,  >  4-10  A.  A  quantitative  presentation  of  the  core  results 
and  a  tyMcmattc  analysts  of  (he  effect  of  the  interlayer  for 
0  1  v  4?,  ,  <  13  will  be  given  m  a  following  paper.  '* 

II.  EXPERIMENTAL 

Interfaces  were  prepared  m  situ  in  an  ultrahigh  vacuum 
photoelectron  spectrometer  with  operating  pressure 


— 3x10“  Torr (pressure  was  kept  <4x  10“ 10  Torr  during 
Cr  sublimation  and  <  1 X  10~*  during  Au  evaporation).  iY« 
type,  phosphorus-doped  [1.512  cm)  Si  angle  crystals  orient¬ 
ed  along  the  [  1 1 1 )  direction  were  cleaved  at  precut  notches  to 
yield  dean  Si(  1 1  l)*2x  1  surfaces.  Interlayers  of  given  thick¬ 
ness  were  prepared  by  direct  sublimation  from  a  Ta  boar  or 
W  basket  onto  the  surface  with  coverage  Oq  monitored  by  a 
quartz  thickness  monitor.  The  consequent  Si-Cr  interface 
reaction  gave  rise  to  a  Si/Cr  intermixed  phase1*'1*  u  the  crys¬ 
tal  surface.  Such  a  phase  was  characterized  by  positioning 
the  sampk  as  the  common  focus  of  the  monochromatic  radi¬ 
ation.  bom  and  of  the  electron  energy  analyzer  and  record¬ 
ing  photoeketron  energy  distribution  curves  tEDCsl  of  va¬ 
lence  and  core  levels  before  and  after  Cr  deposition.  Studies 
of  the  Si-Au  reaction  were  then  carried  out  evaporating  Au 
from  a  W  coiL  For  clarity,  we  will  defina  the  Cr  coverage  as 
the  “interlayer  thickness"  and  both  the  Au  coverage  9^ 
and&c,  will  be  given  in  A  throughout  the  paper  On  terms  of 
the  Sill  1 1)  surface  atomic  density  of  7.6  x  1014  atoms/csr  it 
is  1  A  Cr  m  1.1  monolayers,  1  A  Au  —  0.8  monolayers]. 

Synchrotron  radiation  from  the  240  MeV  electron  storage 
ring  Tantalus  at  the  University  of  Wiaconsia-Madison  was 
mouochromarizsd  with  a  3  m  toroidal  grating  monochroma¬ 
tor  ( 12  <Av<  133  eV),  with  a  Scya-Namiolca  monochroma- 
tor(12<Av<30eV),  or with  a  Grasshopper  grazing  incidence 
monochromator  (40<Av<140  eV).  The  emitted  photodec- 
trons  were  energy  analyzed  with  a  commercial  double-pass 
cylindrical  mirror  analyzer  with  a  typical  overall  resolution 
(electrons  plus  photons)  of  0.3-O.4  eV.  The  data  presented 
here  represent  numerous  cleaves  and  repetitive  measure¬ 
ments  of  the  various  stages  of  interface  formation. 

III.  RESULTS:  S1(T  1 1  )-Cr  AND  Sl(1 1 1  >-Au 

Any  attempt  at  interpreting  the  present  experimental  data 
requires  an  a  prion  understanding  of  both  the  Sii  1 1 1  >- Au 
and  the  Su  111  V-Cr  interfaces.  The  Sii  1 1  li/Cf-Au  system,  at 
fact.  »u  chosen  primarily  because  both  the  Si— Cr  and  Si-Au 
interfaces  are  among  the  best  characterizes  metai-semtccn- 
ductor  '.menaces  ana  because  of  its  technological  relevance. 

For  the  Sii  1 1 1  )-C:  interface  we  have  previously  published 
an  extensive  synchrotron  radiation  photoemission  invest:  sa- 
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parameter  is  rtiaiaO  ;o  >“s  Si  cooccntraiion  in  the  Au  (Um 
andiaFtf.  I  is  %ho«n  <o  Oe  an  acceptable  parameter  to  gauge 
the  Si-Au  interface  reaction.  The  resulting  plot  emphasizes 
the  dramatic  change  m  the  Si-Au  reaction  that  occurs  for 
*f  >t  a  The  Cr  micrtaycr  etTectiveiy  reduced  the  Si-Au 
tntcrdufuuon  only  for  interlayer  thicknesses  greater  than  4 
A. 

As  we  mentioned  tn  Sec.  III.  the  Sit  1 1 1 1— Or  interface  is 
folly  reacted  M&c>  m  9  further  Cr  depositions  gives  nse 

to  the  (brntaaon  of  an  unreacted  Cr  film  on  top  of  the  reacted 
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Dramatic  differences  were  observed  between  the  room- temperature  reactivity  of  benzene  on 
cleaved  Si  and  on  cleaved  Ge  and  GaAs  with  synchrotron-radiation  photoemission.  No  evidence 
of  benzene  adsorption  was  observed  on  Ge  or  GaAs.  On  Si  we  unexpectedly  observed  a  strongly 
bound  state,  probably  due  to  the  formation  of  phenylic-like  C-Si  bonds. 

PACS  numbers:  68.43.Da,  82.65.My 

Recent  experiments1  on  pyridine  molecules  chemis*  phase  benzene  photoemission  spectra,1  peaks,  C.  D,  and  E. 

orbed  on  Si  end  G«  surfaces  detected  stable  chemisorption  1°  contrast,  the  spectra  of  Fig.  2  for  GaAs,  taken  at  expo- 

states  due  to  the  formation  of  chemical  bonds  involving  ni-  sures  1-2  orders  of  magnitude  larger  than  for  Si,  exhibit  only 

tngen  long-pair  dectrans.  These  results  raised  the  following  the  spectral  features  of  dean  GaAs  I  HO).4  Similar  experi- 

questkm:  how  can  stable  chemisorption  bonds  be  formed  ments  on  benzene-exposed  Ge  (1 1 1)  give  only  the  spectral 

between  semiconductor  surfaces  and  aromatic  molecules  features  of  dean  Ge  (1 1 1)  after  exposures  in  the  600-1000-L 

without  lone  pairs?  In  particular,  do  stable  chemisorption  range. 

The  results  shown  in  Fig.  1  are  representative  of  numer- 

by  investigating  the  *rfw»priop  of  heneenm  the  °us  cleaves  of  Si  and  were  nearly  insensitive  to  the  quality  of 
fundamental  c;  .wH  the  cleave.  Experiments  using  r-polarized  light  (with  the  po- 

Our  synchrotron'-radiation  photoemission  results  show  that 

no  stable  chemisorption  state  exists  at  room  temperture  for  . .  •>  ■"  .  . — 

benzene  on  Ge  and  GaAs  surfaces.  Quite  unexpectedly,  ’•  * 

‘  however,  we  discovered  a  strongly  bound  chemisorption  \  D 

state  for  the  benzene  molecule  on  cleaved  Si  (111)  at  room  \  ^  I 

temperature,  presumably  due  to  the  removal  of  one  H  atom  •  \  SiC11l)2> 

and  the  estabUshment  of  a  C-Si  bond.  \  ,  "’N  ♦SENZE 

Them  experiments  were  performed  in  an  uitrahigfa  \  \ 

vacuum  chamber  with  base  praiure  <4xlO~l>Torr.>The  i  \  £  \  C 

samples  were  either  cleaved  in  benzene  atmosphere  or  ^  \  \  .  i  •  H" 

deavedin  vacuum  and  then  exposed  to  benzene  vapors.  The  ^  \  \  I  > 

surfaces  obtained  with  both  procedures  gave  the  same  pho-  2  *  w  >, 

toemissioo  spectra.  The  benzene  pressure  was  0-6-3  x  10~7  V  \  \ 

Torr.  with  purity  tested  by  a  mass  spectrometer.  At  the  end  >  \  ° 

of  each  exposure  the  benzene  was  evacuated,  thereby  restor-  iV  ■,  v\\  |  y 

tag  the  uitrahigfa  vacuum.  The  photocmissioa  spectra  were  |  V-v^  I 

taken  upon  excitation  by  monochromatized  12-30-eV  pho-  F  ^  \ 

tons  from  the  University  of  Wisconsin  Storage  Ring  Tanta-  ' 

lus.  using  a  computer-controlled  double-pass  cylindrical  1  \ 

mirror  analyzer.  I  I  I 

The  dramatic  differences  between  cleaved  Si  and  GaAs  ,  _  < 

surfaces  exposed  to  benzene  arc  emphasized  by  Figs.  1  and  2  -15  -iO  -5  0> 

where  we  show  photoemission  spectra  for  - 180  Langmuirs  r  .;#V) 

iLl  of  cleaved  Si  1 1 1 1)  2x  1,  and  for  much  higher  n<J  ,  Al)|ie.,mefra(ed  ph0(OfmJlOB  Iptetri  „ 

exposures  for  cleaved  GaAs  illOl.  The  spectra  of  Fig.  1  Sj  ,mi2>  ,  Mposure  _  iso  Li.  The  raw  data  a 

clearly  exhibit  the  three  most  intense  features  of  the  gas-  computer-ieneraied  smoot  n  im«.  The  :ero  of  1.1 

.  uoper  eO|e  of  the  spectra.  £  “or  comoanson.  .<r 

*On  cave  -rom  :ht  Institute  of  General  Chemistry.  University  of  Rome.  :10ns  0(-  .Be  three  most  intense  «pec:rai  matures  of 
00100  Rotne.  Italy  symmetry  r.  it  -  9  and  0  nee  Ref-  -.  these  posuic 

"Author  to  whom  ail  correspondence  should  be  addressed.  spect  to  our  spectra  to  obtain  the  best  An 
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FIG.  I.  An(le*intef rated  photoemtssion  spectra  taken  on  benzene-covered 
Si  1  i  1 1 12 x  I  exposure  -  ISO  L;.  The  raw  data  are  shown  tojetner  with 
computer-jenerated  smootn  lines  The  aero  of  the  horizontal  scaie  ;s  the 
uoper efl|e  of  the  spectra.  1  For  companion.  .ertical  lines  mam  :  tie  posi¬ 
tions  of  the  three  most  intense  spectral  features  of  jas-onaae  renzene.  wits 
symmetry  r.  ir  -  9  and  <r  see  Ref.  2.  these  positions  were  atigneu  with  re¬ 
spect  to  our  spectra  to  obtain  the  Pest  An 
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no.  2.  Hb—Mw  apectra  taken  on  etamd  GaAs  (1 10)  after  nock 
larger  benzene  exposures  tkao  tkai  of  Fig.  1.  Both  tpactra  art  clot*  to  the 
cken-GaAj  tpectra  (see  Ref.  3)  and  show  no  evidoM*  of  benzene  adsorp¬ 
tion. 

larizarioa  vector  perpendicular  to  the  plane  of  incidence)  and 
mixed  s-  and  ^polarized  light*  produced  spectra  which  ex¬ 
hibited  little  dependence  on  the  polarization.  Furthermore, 
the  spectral  line  shape  did  not  change  with  the  benzene  expo¬ 
sure.  for  total  exposures  in  the  range  1-180  L 

We  observe  in  Fig.  1  six  different  features,  labeled  A-F. 
Of  these,  the  marginally  resolved  doublet  C  and  the  peaks  D 
and  E  correspond  to  the  most  intense  l«l(|ei.  lfl,Jir) 
+■3*5,10)  and  3e,.(<r)+>  lh2a(o1+>  lh,a{0l  bands  of  gas- 
phase  benzene.  The  presence  of  those  features  shows  that  the 
benzene  molecule  is  not  decomposed  although,  as  we  shall 
discuss  below,  there  are  indications  that  one  of  its  H  atoms  is 
replaced  in  the  chemisorption  bonding  process.  The  weak 
feature  F  probably  corresponds  to  the  benzene  l«,((oiband.J 
The  remaining  features,  peaks  A  and  B,  are  likely  to  be  relat¬ 
ed  to  the  formation  of  chemisorption  bonds  involving  the 
"dangling  bond**  of  the  Si  (111)  surface.  The  experimental 
positions  of  peaks  A.  B,  D,  E,  and  F.  measured  from  the 
upper  edge  of  the  spectra.  £.  are  —  1  -  3.7.  —  8.3.  —  10.8. 
and  —  12.8  eV  (accuracy:  ±  0.2  eV).  The  two  components 
of  peak  C  are  3.5  and  6.4  e  V  below  £„ .  No  spectral  features  of 
dean  Si  were  observed,  consistent  with  previous  studies  of 
chemisorption  of  organic  molecules. 1 

Two  chemisorption  configurations  were  examined  to 
explain  the  above  features.  The  first  configuration  is  with  the 
benzene  ring  parallel  to  the  Si  surface,  and  with  chemisorp¬ 
tion  bonds  involving  the  benzene  rr  orbitals.9  The  second 
configuration  is  with  the  ring  not  parallel  to  the  surface,  and 


with  formation  of  Si-C  bonds  upon  removal  of  a  H  atom.*  A 
priori,  it  would  seem  that  the  first  configuration  should  be 
preferred  because  of  the  magnitude  of  the  activation  energy 
required  to  remove  one  of  the  H  atoms.  However,  several 
facts  indicate  that  the  second  configuration  is  the  one  occur¬ 
ring  in  this  case.  First,  a  geometry  with  the  benzene  ring 
parallel  to  the  surface  would  imply  strong  photon-polariza¬ 
tion  effects  in  the  spectral  features  related  to  benzene  sr  orbi¬ 
tals— as  it  was  observed,  for  example,  for  the  er  bonds  of  a 
on  Si  (111).7  However,  these  strong  effects  were  not  ob¬ 
served.  Instead,  the  results  are  more  consistent  with  the 
standing-up  configuration,  since  this  nonparallel  configura¬ 
tion  should  give  much  weaker  polarization  effects  due  to  the 
mixed  p,  and  pv  character  of  the  spectral  features.  Second, 
the  two  peaks  A  and  B  close  to  £,  appear  related  to  the 
formation  of  bonds  involving  the  Si  atoms.  Qualitatively  si¬ 
milar  structures  are  produced  upon  formation  of  Si-C  1  and 
Si-H  bonds,7  *  although  their  positions  in  energy  are  differ¬ 
ent  from  those  of  peaks  A  and  B-  Finally,  we  observed  a 
removal  of  the  gas-phase  degeneracy  J  peak  C  similar  to 
what  is  observed  for  all  molecules  derived  from  benzene 
upon  substitution  for  a  H  atom  by  a  different  atom  or  radi¬ 
cal.1 

In  conclusion,  we  found  a  unique,  strongly  bound  che¬ 
misorption  state  for  benzene  on  room-temperature  Si  ( 1 1 1), 
not  observed  for  Ge  or  GaAs.  Our  experimental  results  sug¬ 
gest  a  chemisorption  geometry  with  the  benzene  ring  not 
parallel  to  the  surface,  and  the  formation  of  a  chemisorption 
bond  between  Si  and  C,  leading  to  a  phenylic  configuration. 
At  the  moment,  the  cause  of  the  different  reactivity  of  ben¬ 
zene  on  Si  and  on  Ge  and  GaAs  is  not  clear. 
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ABSTRACT 

Synchrotron  radiation  photoemission  studies  of  the  effect  of  Cr 

interlayers  on  Si(lll)-Au  interface  reaction  show  that  Cr  concentrations 
15  2 

below  1  z  10  atoms /an  retard  Si-Au  intermixing,  concentrations 

15  2 

between  1  and  7.5  x  10  atoms /cm  promote  Si-Au  intermixing,  and  con- 

15  2 

centrations  in  excess  of  8  x  10  atoms /cm  sharply  reduce  intermixing. 
These  variations  are  shown  to  depend  on  the  three  formation  stages  of  the 
Si-Cr  junction.  Cr  itself  is  shown  only  to  be  indirectly  Involved  in 


the  Si-Au  reaction  and  Si  is  to  be  the  only  moving  species. 
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ABSTRACT 

Synchrotron  radiation  ultraviolet  photoemission  studies  of  the 
electronic  structure  of  both  stoichiometric  epitaxial  silicides 
(NlSl^  and  Pd^Si)  and  metal  rich  phases  (Ni^Si  and  PdxSi)  obtained 
by  low  energy  ion  sputtering  (IKeV)  are  performed.  The  data  for 
thick  (1000-2000A),  annealed  epitaxial  stoichiometric  silicides 
(NiSij  and  PdjSi)  are  in  good  agreement  with  first  principle  and 
semiemplrical  calculations,  indicating  little  variation  of  the 
surface  electronic  structure  with  respect  to  the  bulk.  The  spectra 
associated  w^th  varying  average  metal  concentrations  (x  -  0.5  to 
3.5  for  nickel  silicides  ana  x  ■  2  to  7.6  for  palladium  silicides) 

are  dominated  by  the  local  atomic  bonding  configuration:  for  nickel 
silicides,  the  MiS^  structure  is  replaced  by  NISI  and  NljSi  subunits 
in  a  discrete  fashion  as  the  average  metal  concentration  Increases 
while,  for  palladium  silicides,  the  PdjSi  local  bonding  remains 
dominant.  A  large  number  of  HixSi  and  Pd^Si  mixtures  could  be 
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Equivalent  to  a  coverage  of  about  20  A  using  the  coverage  units  of 
Refs.  4  and  7. 
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Abstract 

We  present  synchrotron  radiation  photoemission  studies  of  bulk  CrSi2 
and  sllidde  phases  grown  on  Si  by  thermal  processing  of  the  Si-Cr  inter¬ 
face.  Experiment  shows  that  Si-Cr  interface  formation  at  room  temperature 
results  in  reacted  phases  that  differ  from  both  bulk  CrSi2  and  in  situ  grown 
Si-rich  CrSij.  Extended  Huckel  LCAO  calculations  of  the  density  of  states 
of  Cr^Sl,  CrSi,  and  CrSi2  show  that  Si-Cr  bond  formation  involves  Sl-p  and 
Cr-d  states  with  minimal  charge  transfer. 
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